Abstract. Previously, we have documented that the aggressive and highly metastatic behavior of pancreatic cancer may be due to the aberrant expression of nerve growth factor (NGF) and its high-affinity receptor, proto-oncogene TrkA. In this study, we sought to determine the effect of suppressing TrkA expression on pancreatic cancer chemosensitivity to gemcitabine. Human pancreatic cancer cell lines PANC-1, MIA-PaCa-2 and ASPC-1 were studied. The expression and kinase activity of TrkA were determined by Western blot analysis and in vitro kinase assay respectively. RNA interference was used to suppress TrkA expression. Gemcitabineinduced cytotoxicity was determined by tetrazolium reduction assay and caspase profiling was performed. The effect of TrkA-specific siRNA on PI3K/Akt activity was also quantified. TrkA expression and kinase activity in cell lines were directly correlated with gemcitabine chemoresistance. TrkA-specific siRNA suppressed TrkA expression and kinase activity, and furthermore increased gemcitabine-induced, caspase-mediated apoptosis. PI3K/Akt activity was decreased by suppression of TrkA expression. Taken together, these data demonstrated that TrkA is a determinant of pancreatic adenocarcinoma chemoresistance and PI3K/Akt is a key signaling component by which NGF activation of the TrkA signal transduction pathway protects pancreatic cancer cells from chemotherapyinduced cell death.
Introduction
Pancreatic cancer is a lethal disease. Despite significant advances in diagnosis, staging and surgical management of the disease, <10% of patients survive for more than a year from the time of diagnosis (1, 2) . The largely refractory response to chemotherapy is a common feature of this disease, and even the principal therapeutic agent, the nucleoside analogue gemcitabine (2',2'-difluorodeoxycytidine), only marginally affects clinical outcomes (3) . Therefore, further understanding of the chemoresistance mechanisms present in pancreatic cancer cells remains a high priority in efforts to define better targets for therapeutic intervention.
TrkA, the proto-oncogene Trks encoded high-affinity receptor tyrosine kinase of nerve growth factor (NGF) has been shown to be associated with malignant cellular behavior in a variety of human cancers (4) (5) (6) . Recently, we have shown that the expression of the NGF and its tyrosine kinase receptor TrkA are often detected in pancreatic cancers derived from patients with an unfavorable prognosis, and furthermore NGF activation of the TrkA signal transduction pathway blocked the cytotoxic effects of chemotherapeutic drugs (4) . Others previous studies indicated that inhibition of PI3K using the structurally distinct inhibitors of PI3K (wortmannin and LY294002) enhanced gemcitabine-induced apoptosis in pancreatic cancer cell lines. Akt is an important downstream target of PI3K and functions to regulate cell survival, proliferation and protein synthesis. In this study, we tested the hypothesis that Akt is a key downstream target by which the NGF/TrkA pathway attenuates the effects of chemotherapy in pancreatic cancer cells and that suppression of TrkA/PI3K/ Akt pathway would enhance pancreatic cancer chemosensitivity to gemcitabine.
Materials and methods
Cell cultures and conditions. Human pancreatic cancer cells were routinely cultured in DMEM (PANC-1 and MIA-PaCa-2) or RPMI-1640 (ASPC-1) supplemented with 10% fetal bovine serum (FBS, Gibco BRL), 100 units/ml penicillin, and 100 μg/ ml streptomycin (complete medium) at 37˚C in 95% air and 5% CO 2 .
Apoptosis and cell survival analysis. Cell proliferation was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra- . Gemcitabine-induced cytotoxicity was determined after 48 h of exposure. Plates were read using a Vmax microplate spectrophotometer (Molecular Devices) at a wavelength of 570 nm corrected to 650 nm and normalized to controls. Each independent experiment was performed 3 times, with 10 determinations for each condition tested. The concentration of gemcitabine required to inhibit proliferation by 50% (IC 50 ) was calculated from these results. Alternatively, cells were harvested as above, and viable and dead cells were counted using trypan blue exclusion (Gibco-BRL). After treatment, cells were washed, resuspended in 0.5 ml of PBS, and 1 μl/ml of the green fluorescent dye YO-PRO-1 and propidium iodide were added (Vybrant Apoptosis Assay Kit #4, Molecular Probes). Cells were incubated for 30 min on ice then analyzed by flow cytometry (FACScan, Becton-Dickinson), measuring fluorescence emission at 530 and 575 nm. Cells stained with YO-PRO-1 were counted as apoptotic; necrotic cells stained with propidium iodide. The number of apoptotic cells was divided by the total number of cells (minimum of 10 4 cells), giving the apoptotic fraction. Data were analyzed using CellQuest software (Becton-Dickinson). The BD ApoAlert fluorometric Caspase Assay Plate (BD Biosciences Clontech) was then used for assessing caspase 3 activity. After harvesting the whole cell lysates, plates were read (excitation 360 nm; emission 480 nm) using a CytoFluor 4000 multiwell fluorescence plate reader (Applied Biosystems). All measurements were performed in triplicate, each with 4 determinations for each condition.
siRNA transfection. Validated human TrkA-specific and control siRNAs were purchased from Biocompare Inc. (SMARTpool, Charlottesville, VA). siRNAs were dissolved in buffer (100 mM potassium acetate, 30 nM HEPESpotassium hydroxide, 2 nM magnesium acetate, pH 7.4) to a final concentration of 20 μM, heated to 90˚C for 60 sec and incubated at 37˚C for 60 min before use to disrupt any higher order aggregates formed during synthesis. Cells were plated into 35-mm, 6-well trays and allowed to adhere for 24 h. In all, 8 μl siPORT Amine transfection reagent (Ambion Inc.) per well was added to serum-free medium for a final complexing volume of 200 μl, vortexed and incubated at room temperature for 15 min. The transfection reagent/siRNA complexes were added to the wells containing 800 μl medium with 10% FBS and incubated in normal cell culture conditions for 6 h, after which 1 ml Dulbecco's Modified Eagle Medium containing 10% FBS was added.
Western blot analysis. Cells (2x10 6 ) were washed twice in ice-cold PBS and then incubated with 300 μl of lysis buffer [1% Triton X-100, 0.1% SDS, 50 mM Tris (pH 8.0), 150 mM NaCl, 1 mM phenylmethylsulfonyl fluoride, 0.1 mM NaVO 4 , 0.1 mM benzamidine, 5 μg/ml leupeptin and 5 μg/ml aprotinin] for 5 min on ice. Whole cell lysates were clarified by centrifugation at 15000 rpm for 15 min at 4˚C. The protein concentration was determined using the Bradford protein assay (Bio-Rad Laboratory, Richmond, CA, USA) with bovine serum albumin as a standard protein. Thirty micrograms of protein was separated by electrophoresis on a sodium dodecyl sulfate-polyacrylamide gel (12% gel). After electrophoresis, proteins were transferred to nitrocellulose membrane. After 1 h incubation in a blocking solution (5% non-fat dry milk in PBS-0.5% Tween-20), the membrane was blotted with the anti-TrkA polyclonal antibody (1:200, sc-118, Santa Cruz, CA) and an anti-ß-actin monoclonal antibody (1:1000; AC15, Sigma, St. Louis, MO, USA). The blots were developed with peroxidase-labeled secondary antibodies. After extensive washing and incubating with the Enhanced Chemiluminescence Plus detection reagent for 5 min, protected from light, specific bands were detected using a developer, in dark by exposing it to autoradiography film: Hyperfilm Enhanced Chemiluminescence (Amersham Biosciences) for suitable durations of time. Blots were performed in triplicate. Mean densitometric values (±SD) are shown.
TrkA tyrosine kinase and Akt kinase assay. For detection of phosphorylation of signaling kinases, cells were first cultured in complete medium and subsequently incubated in medium with 0.5% FBS for 24 h. Cells were then treated with 100 ng/ ml NGF for 15 min. Cells were lysed, protein was extracted, and the concentration was measured as described above. TrkA tyrosine kinase activity was determined using a commercially available kinase assay kit (Sigma), according to the manufacturer's instructions. TrkA immunoprecipitates (20 μg total protein) were prepared using anti-TrkA polyclonal antibody immobilized onto protein G sepharose beads (Zymed Laboratories Inc.). Immunoprecipitates were washed and dissolved in tyrosine kinase buffer (final solution containing 0.3 mM ATP) and incubated for 30 min in 96-well plates coated with tyrosine kinase substrate solution (poly-Glu-Tyr). Phosphorylated substrate was quantified by chromogenic detection using horseradish peroxidase-conjugated antiphosphotyrosine antibody. Optical densities were determined at 492 nm using a Vmax microplate spectrophotometer. TrkA kinase activity was compared with an epidermal growth factor receptor standard. Kinase assays were performed in triplicate with four determinations per condition. Akt activity was quantified using a commercially available non-radioactive in vitro kinase assay, in accordance with the manufacturer's instructions (Cell Signaling Technology). Akt was immunoprecipitated from 200 μl cell lysates containing equal total protein. The resulting immunoprecipitates were incubated with glycogen synthase kinase-3 (GSK-3) fusion protein in the presence of ATP and kinase buffer. Phosphorylation of GSK-3, a physiologic target of Akt, was measured by Western blot using antiphospho-GSK-3α/ß (Ser-21/9) antibody, and densitometric analysis of the stained bands was performed using ImageMaster software (Pharmacia Biotech). Mean values from three independent experiments with three samples per group are shown.
Statistical analysis. Statistical analyses were performed using SPSS-PC package (version 13.0; SPSS, Chicago, IL). The data are expressed as means ± SD. Analysis was performed using ANOVA, unpaired t-test, and Mann-Whitney U test for non-parametric data. P-values of <0.05 were considered to be statistically significant.
Results and Discussion
TrkA overexpression is associated with greater gemcitabine chemoresistance. Aberrant expression of TrkA receptor kinases and enhanced expression of NGF has been implicated in the development and progression of variety of human cancers such as prostatic cancer (5), pancreatic cancer (4), breast cancer (6), thyroid papillary carcinomas (7) as well as in acute myeloid leukemia (8) , and furthermore patients whose carcinoma expression high levels of TrkA have an unfavorable prognosis. Our previous studies indicated that NGF activation of the TrkA signal transduction pathway may block the cytotoxic effects of chemotherapeutic drugs in pancreatic cancer (4) . In this study, we demonstrate that levels of TrkA expression were highest in PANC-1, MIA-PaCa-2, cell lines with a higher degree of gemcitabine chemoresistance than ASPC-1, which expressed TrkA at lower levels (Fig. 1A , Table I ). We confirmed higher TrkA kinase activity in PANC-1 and MIA-PaCa-2, compared with ASPC-1 (Fig. 1B) . The gemcitabine IC 50 for each cell line is shown in Table I . This finding indicated that TrkA overexpression may be responsible for NGF signal transduction pathway that protects pancreatic cancer cells from chemotherapy-induced cell death.
TrkA-specific siRNA suppresses TrkA expression. RNA interference is emerging as a powerful technique for the specific inhibition of expression of individual genes at the posttranscriptional level (9) . Therefore, TrkA-specific siRNA was transfected with pancreatic cancer cell lines. We confirmed suppression of TrkA protein expression by Western blot analysis (Fig. 1A) . TrkA-specific siRNA suppressed TrkA expression by up to 83%, commencing within 24 h of transfection and persisting at this level 96 h post-transfection. Suppression of TrkA tyrosine kinase activity by treatment with TrkA-specific siRNA was confirmed by in vitro kinase assay (Fig. 1B) . Control siRNA had no effect on either TrkA expression or kinase activity. Treatment with either siRNA did not affect expression of actin, indicating that non-specific suppression of protein expression did not occur. These results demonstrated that TrkA-siRNA was effective in inhibiting the biological function of TrkA.
Inhibition of TrkA expression enhances gemcitabine-induced cytotoxicity.
Forty-eight hours after siRNA transfection, cells were exposed to 0-10 μM gemcitabine for further 48 hours. The IC 50 was calculated from MTT cytotoxicity assay data. TrkA siRNA suppressed the gemcitabine IC 50 in each of the three cell lines; control siRNA transfection had no effect on the gemcitabine IC 50 (Fig. 2) . The increase in gemcitabineinduced cytotoxicity after transfection of TrkA-specific siRNA was accompanied by marked increases in the apoptotic Table I . Gemcitabine chemoresistance is greater in cell lines with relatively higher TrkA protein expression. ------------------------------------------------ -
fraction of cells. Control siRNA had no significant effect on the gemcitabine-induced apoptotic fraction (Fig. 3) . The feasibility of using siRNA as a mediator of chemosensitization has been shown by previous studies (10) (11) (12) (13) (14) and the contemporary paradigm for anticancer drug development has moved toward target-directed therapies based on a more comprehensive understanding of cancer biology, rather than empirical discovery.
TrkA-specific siRNA enhances gemcitabine-induced activation of caspase 3. Gemcitabine induces apoptosis in tumor cells through caspase activation (15) (16) (17) . So we sought to determine the effect of TrkA-specific siRNA on activity of effector caspase 3 after exposure to gemcitabine for 48 h. Gemcitabineinduced caspase 3 activation was markedly increased after transfection of TrkA-specific siRNA, but was unaffected after transfection of control siRNA (Fig. 4) . These results clearly demonstrated that inactivation of TrkA sensitizes human pancreatic cancer cells to caspase-mediated apoptosis induced by gemcitabine. Akt is reported to inhibit activation of initiator caspase 9 and effector caspase 3, at a post-mitochondrial level, protecting cells from apoptosis (18) . The decrease in Akt activity we observed after transfection of TrkA-specific siRNA may contribute to the increase in gemcitabine-induced, caspase-mediated activity and apoptosis as showed below.
Akt activity is suppressed by inhibition of TrkA expression.
Bondar et al demonstrated recently that PI3K/Akt pathway is constitutively activated in a majority of human pancreatic cell lines (19) . Moreover, Ng et al have suggested that PI3K inhibitors may have therapeutic potential when used in combination with cytotoxic agents in reversing drug resistance in pancreatic cancer patients (20) . Considering Akt is an important downstream target of PI3K and functions to regulate cell survival, proliferation, and protein synthesis we examined the effect of suppression of TrkA expression on Akt activity using a GSK-3 fusion protein phosphorylation assay, after transfection of TrkA-specific and control siRNA. Transfection of TrkA-specific siRNA resulted in suppression of Akt activity in PANC-1 cell line. Control siRNA had no effect on Akt activity (Fig. 5) . Similar results were obtained 48 h after siRNA transfection. Results indicated that inhibition of TrkA expression constitutively inactive PI3K/ Akt significantly enforced apoptosis induced by gemcitabine.
To summarize, we showed for the first time that TrkAspecific siRNA enhances pancreatic cancer gemcitabine chemosensitivity by promoting caspase-mediated apoptosis through an inactivation of PI3K/Akt-dependent pathway. These findings raise the possibility that novel combined pharmacologic inhibitors of TrkA/PI3K/Akt may enhance the effectiveness of chemotherapeutic agents in the treatment of pancreatic cancer.
